Group B Streptococcus (GBS) is an important pathogen of neonates, pregnant women, and immunocompromised individuals. GBS isolates associated with human infection produce one of nine antigenically distinct capsular polysaccharides which are thought to play a key role in virulence. A comparison of GBS polysaccharide structures of all nine known GBS serotypes together with the predicted amino acid sequences of the proteins that direct their synthesis suggests that the evolution of serotype-specific capsular polysaccharides has proceeded through en bloc replacement of individual glycosyltransferase genes with DNA sequences that encode enzymes with new linkage specificities. We found striking heterogeneity in amino acid sequences of synthetic enzymes with very similar functions, an observation that supports horizontal gene transfer rather than stepwise mutagenesis as a mechanism for capsule variation. Eight of the nine serotypes appear to be closely related both structurally and genetically, whereas serotype VIII is more distantly related. This similarity in polysaccharide structure strongly suggests that the evolutionary pressure toward antigenic variation exerted by acquired immunity is counterbalanced by a survival advantage conferred by conserved structural motifs of the GBS polysaccharides.
Surface-associated polysaccharides are common features of both gram-positive and gram-negative bacteria. It is thought that microorganisms may have evolved extracellular polysaccharides for protection against both environmental and host factors that may be detrimental to their survival. In pathogenic bacteria, these extracellular polysaccharides may allow the organism to survive within the host by masking antigenic determinants associated with the bacterial surface (13) , by mimicking host antigens (11, 34) , or by interfering with complement-mediated killing (6, 18) .
The gram-positive pathogen Streptococcus agalactiae (group B Streptococcus, or GBS) is the most common cause of bacterial sepsis and meningitis among newborn infants in the United States. Like many other pathogenic bacteria, clinical isolates of GBS elaborate capsular polysaccharides with varied repeating unit structures. The evolution by a pathogen of antigenically distinct capsular types is thought to be driven by selective pressure imposed by host immunity (23) . In the case of Streptococcus pneumoniae, for example, more than 90 distinct capsular types are known, and the development of immunity to certain serotypes has been shown to create a niche for replacement by other serotypes in the host (23) . However, selective pressure to evolve new capsular types may be counterbalanced by a specific virulence benefit conferred by the conservation of a particular polysaccharide structure. For example, although multiple capsular types of Haemophilus influenzae are known, strains of capsular type b have a much higher potential to cause invasive human infection than strains of other serotypes.
The degree of variation in capsular polysaccharide structures among clinical isolates of GBS falls between these extremes. Nine capsular types are known, all of which are associated with human infection. The repeating unit structures of the nine types are similar in their constituent monosaccharide compositions and certain structural motifs, yet they differ sufficiently to be antigenically distinct. This limited diversity of GBS capsular polysaccharide structures offers an unusual opportunity to reconstruct the development of capsule diversity in an important human pathogen. It is likely that the genetic mechanisms found to underlie capsule variation in GBS reflect the same biologic forces that have shaped the evolution of many encapsulated pathogens.
In many encapsulated bacteria, genes conserved across diverse capsular serotypes flank genes encoding enzymes unique to a specific capsular serotype (36) . In GBS, a central group of genes for serotype-specific glycosyltransferases and polymerases is flanked on one side by genes encoding enzymes that synthesize and activate sialic acid, the terminal sugar on the side chain of all nine serotypes (4, 10, 27) . Flanking the other side of the serotype-specific glycosyltransferase genes is a group of genes which are hypothesized to function in the export of the polysaccharide capsule (4) . We now report the DNA sequences of the genes required for capsule biosynthesis for five GBS serotypes that have not been previously described. We analyzed the gene sequences of the serotype-specific glycosyltransferase regions of all nine GBS capsule serotypes to-gether with their polysaccharide repeat unit (PRU) structures to reconstruct their evolutionary relationships. The conserved nature of the nine serotype repeating unit structures in GBS, combined with the genetic diversity of the polysaccharide capsule biosynthesis clusters, provides a unique model system with which both the genetic and structural evolution of PRU structures can be analyzed.
RESULTS
The detailed structures of the PRUs of the nine GBS capsular serotypes have been described previously (5, 14-16, 19, 20, 29, 31, 33) . The constituent monosaccharides included in the various capsular PRUs are conserved. Glucose (Glcp), galactose (Galp), and N-acetylneuraminic acid (NeupNAc) are found in all nine capsule serotypes. Except in types VI and VIII, N-acetylglucosamine (GlcpNAc) is also present. Rhamnose (Rhap) occurs only in the type VIII repeating unit.
Analysis of recurring motifs within the PRU structures. To facilitate the analysis of the nine polysaccharide capsule repeating units and to elucidate pattern motifs and relationships, we redrew each repeating unit, with individual monosaccharides represented by simple shapes, the acetylation of sugars represented by a black dot within the shapes, and glycosidic linkages between individual monosaccharides represented by a circular assignment system (Fig. 1) . While it is not meant to replace space-filling three-dimensional models of the PRUs, this simple method of drawing the PRU of each serotype highlights the structural motifs that are conserved between different serotypes.
An analysis of the nine capsule serotypes revealed two basic motifs. One motif, a disaccharide backbone of ␤-D-Galp-(134)-␤-D-Glcp (represented by a full circle, half red and half blue), is found in eight of the nine serotypes. A second motif, a variable trisaccharide side chain, consists of ␣-D-NeupNAc- (Fig. 1) . The single difference between types Ia and III is the glycosidic bond that connects one repeating unit to the next: the type Ia units are linked 134 through the ␤-D-Galp of the disaccharide, whereas the type III units are joined 136 through the ␤-D-GlcpNAc of the variable trisaccharide (Fig. 1) .
The PRUs of types Ia and Ib differ only in the internal linkage of the variable trisaccharide, i.e., ␤-D-Galp-(134)-␤-D-GlcpNAc for type Ia and ␤-D-Galp (133)-␤-D-GlcpNAc for type Ib (Fig. 1) . Type VI, in contrast to type Ib, substitutes a ␤-D-Glcp for ␤-D-GlcpNAc in the variable trisaccharide (Fig.  1) . However, the linkages between monosaccharides in the variable trisaccharides of types Ib and VI are the same. Structurally, it appears that type Ib is a combination of serotypes Ia and VI ( (Fig. 1) . Furthermore, type II PRUs are polymerized 132 to the ␤-D-Glcp of the variable trisaccharide.
Type IV, V, and VII PRU structures are interrelated. The PRUs of serotypes IV, V, and VII are all related by simple structural differences (Fig. 1) . Type IV and VII have the same core group of sugars in their respective PRUs. In type IV, the trisaccharide side chain of NeupNAc-Galp-GlcpNAc is linked 136 to ␤-D-Gal of the disaccharide. However, in type VII, the same trisaccharide side chain is linked 136 to ␣-D-Glc. The addition of a single sugar, ␤-D-Glcp, differentiates type V from type VII (Fig. 1) .
Sequence analysis of GBS capsule biosynthetic clusters. The DNA sequences of the variable serotype-specific regions from each of the nine GBS capsule clusters have been determined and have the following accession numbers: Ia, AB028896 (35); Ib, AB050723 (30); II, AY375362 (this study); III, AF163833 (2); IV, AF355776 (this study); V, AF349539 (28; this study); VI, AF337958 (this study); VII, AY376403 (this study); and VIII, AY375363 (this study) ( Fig. 2A) . Previously published studies have defined the functions of CpsI and CpsJ in the synthesis of type Ia and type Ib polysaccharide repeat units (30, 35) . In addition, it has been shown that CpsH is required for the synthesis of linkages between the PRUs of types Ia and III (2) . Using a combination of previously published data and BLAST homology searches, we assigned functions to the glycosyltransferases encoded by the variable gene regions of each of the nine serotypes (Fig. 3) . For this study, we have used gene-naming conventions which were established previously for other polysaccharide-producing gram-positive bacteria (22, 36) . To avoid confusion between gene name and serotype designations, we used Arabic numerals to identify serotype-specific genes. For example, cps1aI designates the cpsI gene from serotype Ia.
Despite the high degree of similarity between the repeating unit structures of the different capsular types, an analysis of the gene sequences revealed significant diversity at both the nucleotide and amino acid sequence levels (see Supplemental  Table 1 at http://www.childrenshospital.org/cfapps/research/data _admin/Site381/mainpageS381P0.html). Furthermore, the patterns of similarity and divergence in the capsule gene sequences demonstrate striking parallels to the observed patterns of similarity and divergence in repeating unit structures of the polysaccharides. This sequence diversity in the glycosyltransferase region contrasts with the case of the common genes flanking either side of the variable trisaccharide regions (cpsABCDEF for types Ia to VII, cpsABCD for type VIII, and cpsL neuBCDA), which contain very little variability at the nucleotide level ( Fig. 2A) . A closer examination of the capsular biosynthetic cluster revealed two sections of cpsG in which the nucleotide sequences of serotypes Ia, Ib, II, III, IV, V, VI, and VII diverge (Fig. 2B, points 1 and 2) . At position 236, serotypes II, III, and VI diverge from the other serotypes (Fig. 2B, point 1) . At position 322, types Ia and Ib diverge from serotypes IV, V, and VII (Fig. 2B, point 2) . Serotype VIII does not have a homolog of cpsG. The strict conservation of the amino-terminal region of CpsG suggests that the invariant structure of this portion of the protein is required for a nonserotype-specific function in the synthesis of GBS PRUs. However, the C-terminal region is more varied and may have a serotype-specific function. For the synthesis of the S. pneumoniae type 14 PRU, CpsG exhibits a 134 galactosyltransferase activity (21) . However, the precise function of CpsG in the synthesis of GBS PRUs has not been demonstrated experimentally. It has been shown that CpsG is not required for the linkage specificity of individual PRUs in type Ia or III (2) . The high degree of sequence similarity between the amino-terminal regions of the CpsG proteins from GBS and type 14 S. pneumoniae (Ͼ60%) (data not shown) suggests that CpsG functions as a 134 galactosyltransferase, attaching ␤-D-Galp to ␤-D-Glcp in the backbone of the GBS PRUs of types Ia, Ib, and II to VII.
In contrast to cpsG, the cpsK genes from the nine serotypes are divergent at their 5Ј ends and have several points where the nucleotide sequences converge (Fig. 2C, points 3 to 5) . The cpsK genes from serotypes Ia, III, and V are similar (Ͼ98% similarity at the nucleotide level). In addition, cpsK from serotype VII is 88% identical to cps1aK. However, cps1bK, cps4K, and cps6K are divergent at their 5Ј ends. Beginning at nucleotide position 328, cps4K becomes identical to cpsK from serotypes Ia, III, V, and VII (Fig. 2C, point 3) . At nucleotide position 752, cps1bK and cps6K become nearly identical to the genes from the other serotypes (Fig. 2C, point 4) . In contrast to cpsK from the other serotypes, cps2K is 100% identical to cps1aK over the first 199 nucleotides, at which point the nucleotide sequences diverge to less than statistical significance, as determined by a pairwise BLAST search. Yet the cpsK genes from serotypes Ia and II retain some primary amino acid sequence similarity. At nucleotide position 912, cps2K becomes identical to cpsK from serotypes Ia, Ib, III, IV, V, VI, and VII (Fig. 2C, point 5) . The sialyltransferase gene of serotype VIII, cps8K, is not related to those of the other GBS serotypes, but it is homologous to lipooligosaccharide sialyltransferases from Pasteurella multocida, H. influenzae, Neisseria meningitidis, and Neisseria gonorrhoeae.
PRUs of types Ia, Ib, III, and VI have genetic diversity through horizontal gene transfer. An examination of the polysaccharide capsule clusters of types Ia, Ib, III, and VI showed that the genetic diversity among these serotypes mimics the structural relationship between PRUs. Types Ia and III differ significantly in only two genes, namely, the last 60 codons of cpsG and all of cpsH ( Fig. 2 ; see Supplemental Table 1c at http://www.childrenshospital.org/cfapps/research/data_admin /Site381/mainpageS381P0.html). CpsH has been predicted to be a repeating unit polymerase (2) . Genetically, the type Ia serotype may have arisen by horizontal gene transfer (HGT) when the segment of DNA encoding enzymes (CpsI, -J, and -K) that synthesize linkages common to both serotypes Ia and III recombined with a segment of DNA from an unknown source, replacing the 3Ј terminus of cps3G and all of cps3H (Fig. 4) . Alternatively, serotype III could have arisen from Ia by the same mechanism.
Two features distinguish the type III and type VI PRU structures (Fig. 1) . The first difference is that ␤-D-Glcp in the type VI variable trisaccharide replaces ␤-D-GlcpNAc in the variable trisaccharide of type III. Cps1aI, which is identical to Cps3I, is a 133 N-acetylglucosaminyltransferase which functions to attach ␤-D-GlcpNAc in the type Ia variable trisaccharide to ␤-D-Galp of the constant disaccharide (35) . We predict that Cps6I, which is a paralog (59% identity and 84% similarity) of both Cps1aI and Cps3I, functions as a 133 glucosyltransferase, attaching the ␤-D-Glcp in the variable trisaccharide to the ␤-D-Galp of the disaccharide. The second difference between the type III and VI PRUs is in the linkage between the sugars of the variable trisaccharides. Type III has a 134 linkage between ␤-D-Galp and ␤-D-GlcpNAc of the variable trisaccharide, while type VI has a 133 linkage between ␤-DGalp and ␤-D-Glcp (Fig. 1) . Cps3J is identical to Cps1aJ, which has been shown to be a 134 galactosyltransferase that transfers ␤-D-Galp to ␤-D-GlcpNAc in the variable trisaccharide (35) . We predict that Cps6J functions as a 133 galactosyltransferase, attaching ␤-D-Galp to ␤-D-Glcp. The sequence divergence observed between Cps3J and Cps6J (16% identity and (Fig. 3) . Cps3K has been shown to be a sialyltransferase (3). We predict that Cps6K also functions as a sialyltransferase, attaching ␣-D-NeupNAc to ␤-D-Galp in the variable trisaccharide. We hypothesize that the structural divergence of the type VI polysaccharide compared to the type III polysaccharide is most likely due to HGT of a segment of DNA encoding CpsJ and part of CpsK, which are enzymes that synthesize linkages unique to type VI, with DNA encoding CpsG, -H, and -I from type III, which are enzymes that synthesize linkages common to serotypes III and VI (Fig. 4) . Structurally and genetically, the type Ib variable trisaccharide has features which are found in the variable trisaccharides of both type Ia and type VI. The Ib variable trisaccharide has the same monosaccharides as Ia, but the sugars are linked as in type VI (Fig. 1) . Genetically, it appears that Cps1aH (repeating unit polymerase [2] ) and Cps1aI (133 N-acetylglucosaminyltransferase [35] ) recombined with Cps6J and Cps6K (Fig.  4) . Cps1bJ has 133 galactosyltransferase activity (30) , which accounts for the ␤-D-Galp-133-␤-D-Glcp in the variable trisaccharide of type VI. Cps6J and Cps1bJ are 53% identical and 83% similar, with large blocks of identities occurring in the amino terminal two-thirds of the aligned proteins (data not shown). The lack of amino acid identity in the carboxyl-terminal third of the two proteins suggests that this region may encode specificity for the acceptor molecules, since the acceptor molecule for Cps1bJ is GlcNAc and that for Cps6J is Glc (Fig. 3) . It is intriguing to speculate that when the proposed recombination occurred between types Ia and VI, the acceptor molecule for both enzymes was Glc, and that subsequent genetic drift or selective pressure caused a shift from Glc to GlcNAc as an acceptor molecule for serotype Cps1bJ.
Type II PRU is genetically related to type III PRU. Surprisingly, the presumed PRU polymerase, Cps2H, is identical to Cps3H, although the linkages between the type II and III PRUs are distinct (Fig. 1) . Furthermore, the type II PRU includes six internal glycosidic linkages, but only four putative glycosyltransferase genes are found in the capsule locus ( Fig.  2A) . These discrepancies suggest that the PRU polymerase, CpsH, and some glycosyltransferases may have dual functions or that additional capsule synthesis genes may be located elsewhere in the type II GBS genome. It is also possible that the reported structure of the type II polysaccharide is in error. Genetic diversity of serotypes IV, V, and VII. The genetic loci required for the synthesis of the PRUs of types IV, V, and VII contain several conserved genes as well as a family of paralogous genes ( Fig. 2A) . Three genes-cpsG, encoding a putative glycosyltransferase (21); cpsH, encoding a subunit polymerase (2); and cpsK, encoding a sialyltransferase (3) (Fig.  2A) -are conserved in the serotype-specific regions of these three serotypes. Between cpsK and cpsH, there is a family of paralogous genes (cps4I, -4J, -4 M, -5I, -5J, -5 M, -5O, -7I, -7J, and -7 M) that are predicted to encode 10 glycosyltransferases. Multiple sequence alignment and phylogenetic reconstruction of the predicted amino acid sequences of these 10 glycosyltransferases and of Cps1aI and Cps1aJ revealed three lineages (Fig. 5) . The CpsJ lineage consists of Cps1aJ, Cps4J, Cps5J, and Cps7J. Cps1aJ is predicted to be a ␤-D-galactosyltransferase which attaches ␤-D-Gal 134 to ␤-D-GlcNAc in the variable trisaccharide (35) . This linkage in the variable trisaccharide is common to serotypes Ia, IV, V, and VII. Therefore, the close branching of Cps1aJ, -4J, -5J, and -7J was an expected outcome of the phylogenetic reconstruction. A second lineage, the CpsI lineage, consists of Cps1aI, -4I, -5I, and -7I. Cps1aI is a ␤-D-glucosaminyltransferase attaching ␤-D-GlcNAc 133 of the variable trisaccharide to ␤-D-Gal of the disaccharide. In serotypes IV, V, and VII, the corresponding ␤-D-GlcNAc of the variable trisaccharide is linked 136 to ␤-D-Gal, in contrast to the 133 linkage in type Ia, and in types V and VII the acceptor molecule is an ␣-D-Glc, in contrast to the ␤-D-Gal in types Ia and IV. These differences in glycosyltransferase functions correlate with the independent branching of Cps4I, -5I, and -7I. Serotypes IV, V, and VII all contain an additional monosaccharide, ␣-D-Glc. The distant relationship between Cps4 M, 5 M, and 7 M and the CpsI and CpsJ families suggests that CpsM is the (134) ␣-D-glucosyltransferase attaching ␣-DGlc to the ␤-D-Gal found in the disaccharide (Fig. 3) . This linkage is unique to serotypes IV, V, and VII. Finally, Cps5O branches near the CpsI family. However, it is unclear if Cps5O is in a family of its own or is a distant member of the CpsI family. Although not shown here, Cps1bI, -2I, -3I, and -6I and Cps1bJ, -2J, -3J, and -6J group phylogenetically with the CpsI and CpsJ families, respectively (data not shown).
The simplest model to account for the genetic diversity among serotypes IV, V, and VII is that segments of DNA, including cps4G-cps4J, cps7G-cps7J, and cps5G-cps5J, were each acquired by GBS in separate HGT events. This model accounts for the low level of similarity between CpsH proteins from serotypes IV, V, and VII (Ͻ50%) (see Supplemental  Table 1c at http://www.childrenshospital.org/cfapps/research /data_admin/Site381/mainpageS381P0.html) and any of the other GBS serotypes. However, a closer examination of the phylogenetic reconstruction reveals that Cps5 M and -7 M branch together, as do Cps5I and -7I and Cps5J and -7J (Fig.  5) , suggesting that they are more closely related to each other than to glycosyltransferases in serotype IV. A second model to account for these data is that cps4G-4I and cps7G-7I were acquired in separate HGT events by GBS. Subsequently, Cps5O was either acquired by HGT into the type VII capsule cluster or cps7I was duplicated and acquired a new enzyme activity. The second model takes into account both the lack of similarity between CpsG and -H of serotypes IV, V, and VII and those of serotypes Ia, Ib, II, III, and VI and the close branching of Cps5 M and -7 M and of Cps5I and -7I.
The type VIII capsule biosynthesis gene cluster is genetically unique to GBS. As predicted by a comparison of the polysaccharide structures, the type VIII biosynthesis cluster is unique to GBS (Fig. 2) . Unlike the other serotypes, it contains Rhap. In addition, the type VIII-specific glycosyltransferases and polymerases (Cps8E, Cps8H, Cps8J, and Cps8K) appear to be only distantly related to the glycosyltransferases of the other eight serotypes (see Supplemental Tables 1a and 1b at http://www.childrenshospital.org/cfapps/research/data_admin /Site381/mainpageS381P0.html). Orthologs of these open reading frames are found in type 23f S. pneumoniae, which elaborates a Rhap-containing capsular polysaccharide (17) . An examination of the PRUs of GBS type VIII and S. pneumoniae type 23f revealed that they are structurally similar, as both have an identical backbone of (134)
However, like the other GBS serotypes, type VIII has ␣-D-NeupNAc attached to ␤-D-Galp, in contrast to type 23f, which has ␣-L-Rhap attached to ␤-D-Galp. In addition, type 23f has a glycerol phosphate attached to ␤-D-Galp. The combination of the structural and genetic similarities between these two serotypes suggests that GBS acquired a DNA segment encoding Cps8ERHJ by HGT. However, it is not clear whether this acquisition was between type VIII and type 23f or whether both GBS and S. pneumoniae acquired this DNA segment from another source.
Phylogenetic analysis of sialyltransferases. Cps3K is a sialyltransferase that links ␣-D-NeupNAc to ␤-D-Gal in the variable trisaccharide (Fig. 3) (3) . Despite the strict conservation of the ␣-D-NeupNAc-(233)-␤-D-Gal motif in all GBS serotypes, multiple sequence alignment and phylogenetic reconstruction of the sialyltransferases (Cps1aK, -1bK, -2K, -3K, -4K, -5K, -6K, -7K, and -8K) revealed significant diversity among them ( Fig. 6 ; see Supplemental Table 1c at http://www .childrenshospital.org/cfapps/research/data_admin/Site381 /mainpageS381P0.html). The sialyltransferases cluster into dis- CpsKs that group together. Types II and VIII, which both have structurally unique PRUs among the nine capsule serotypes (Fig. 1) , have sialyltransferase genes that are distantly related to the other CpsKs (Fig. 6 ). This pattern suggests that the specificities of the sialyltransferases depend not only on recognition of the conserved galactose residue, but also on the other sugar(s) to which the galactose is linked.
DISCUSSION
The present investigation provides evidence that capsular polysaccharide diversity in GBS has been driven by HGT, by which new segments of DNA from non-GBS sources have integrated into the GBS capsule cluster, and by interserotype recombination events, by which gene segments have been exchanged between GBS capsule serotypes. The acquisition of new genes from other species might be considered unlikely, as GBS is not known to be naturally competent for the acquisition of foreign DNA. However, analyses of the GBS genome and comparative genome hybridization studies have revealed a surprising degree of genetic heterogeneity among GBS isolates (7, 28) . Regions of diversity are often flanked by transposons, insertion sequences, or bacteriophage remnants that probably represent vestiges of mobile genetic elements that mediated the acquisition of DNA from other species and the transfer of genes among GBS strains (28) .
It has been suggested that variation in capsular polysaccharide structures may confer a survival advantage for encapsulated bacteria in the face of acquired immune responses by the host. For GBS, the capsular polysaccharide plays a central role in resistance to complement-mediated opsonophagocytic killing by human blood leukocytes. However, the capsule also serves as a target for specific antibodies that can defeat the antiphagocytic properties of the capsule, thereby conferring on the host protective immunity to GBS infection. Such serotypespecific immune pressure may have contributed to the emergence of new capsule types.
The restricted diversity of GBS capsule structures compared with that for S. pneumoniae might reflect, in part, the greater capacity of the latter species to acquire foreign DNA through natural competence. It is also possible that the conservation of particular structural motifs of the GBS capsular polysaccharides confers a survival advantage in human and/or animal hosts. The presence of terminal sialic acid residues on the GBS type III polysaccharide has been shown to inhibit the activation of the alternative complement pathway, thereby conferring bacterial resistance to phagocytosis in nonimmune plasma (6, 24) . The striking conservation of ␣-D-NeupNAc (233)-␤-DGalp among all known GBS capsular types suggests that this structural element is central to the antiphagocytic function of all GBS capsular polysaccharides. This conclusion is further supported by the diversity among the sialyltransferases of the various capsular types. The diversity of sialyltransferase sequences parallels the structural variation in closely linked sugars and supports the hypothesis that the maintenance of a functional sialyltransferase is critical to GBS survival, even as other elements of the polysaccharide structures evolve. Indeed, the selective pressure of ␣-D-NeupNAc (233)-␤-D-Galp is such that the distantly related serotype VIII retains this structural feature.
Host immunity may have shaped the evolution of the GBS capsular polysaccharides not only by the selection of antigenically distinct variants but also by the recognition of nonself carbohydrate epitopes. Together, the conserved GBS disaccharide and the variable trisaccharide constitute an oligosaccharide motif which is very similar to that displayed by the sialylLewis antigen and related carbohydrate epitopes on human glycoproteins and glycolipids. It has been proposed that this structural similarity to host oligosaccharides represents molecular mimicry by GBS (11) . Human antibodies to the GBS type III polysaccharide recognize a polysaccharide chain lengthdependent epitope; this observation is consistent with the hypothesis that the simple oligosaccharide epitope of the repeating unit is seen as a self-antigen (32, 33) . The restricted structural diversity of the GBS polysaccharides may reflect an adaptive advantage of capsules that mimic host antigens, thus limiting immune recognition to more complex epitopes. It is intriguing that the type V polysaccharide, predicted by the present analysis to have evolved most recently, evokes antibodies that are predominantly of the immunoglobulin M isotype in humans (C. J. Baker and D. L. Kasper, unpublished results). Relatively weak class switching to immunoglobulin G might reflect antigenic relatedness of a type V-specific structural motif (such as linkage of the trisaccharide side chain to a backbone glucose residue) to self-antigens.
Taken together, these analyses imply that diversity in GBS capsular polysaccharide structures has arisen through the introduction of novel DNA sequences and genetic recombination. Counterbalancing the adaptive advantage of antigenic diversity are equally strong selective forces that have maintained particular structural motifs that shield the organisms from immune surveillance mechanisms. The result of these opposing effects is a repertoire of capsular polysaccharides that display conserved motifs which are central to the biologic func- tions of the GBS capsule and that have sufficient structural variation for antigenic uniqueness.
